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Impact of osteoarthritis
Osteoarthritis (OA) is the most common joint disorder in human populations, with radiologic evidence of OA of the knee, the most commonly affected weight-bearing joint, in one third of people 63-94 years [1, 2] . Most reports of OA-related pain or disability are attributable to involvement of the knee joint. Data from the Framingham study suggest that symptomatic knee OA (defined as pain on most days plus positive findings on a radiograph of the symptomatic knee) occurs in 6.1% of adults over the age of 30 and in 11% of those over the age of 65 [3] . As a result, knee OA accounts for more dependency in lower extremity tasks such as walking and stair climbing than any other disease in this age group [4] .
There are currently no satisfactory therapies for knee OA. Furthermore, although pain, loss of function, and disability are important adverse outcomes of OA, treatment strategies have been developed primarily to target pain, presumably with the assumption that function will improve in response to pain reduction. In fact, there is evidence to suggest that the determinants of these two outcomes differ in a number of important respects [5] [6] [7] [8] . Thus, treatment options have had variable affects on improving disability. For example nonsteroidal antiinflammatory drugs and acetaminophen relieve pain by about 20%, but have a much smaller effect on physical function [9] . Joint replacement has substantially greater benefits on both pain and physical function [10-12], but the extent of improvement appears contingent on the level of preoperative physical function even after adjusting for age [13] . Despite this, functional limitations persist in individuals up to 1 year after knee joint replacement, with 30-40% weaker knee extensor muscles, and significantly less work capacity compared with matched controls [14] .
Determinants of functional limitation and disability in osteoarthritis
Muscle weakness is probably the longest recognized and best established correlate of functional limitation in individuals with OA, particularly knee OA [15] [16] [17] [18] [19] . In the Bristol OA Knee Study, quadriceps weakness was found to be the greatest single predictor of lower limb functional limitation, exceeding that of knee pain [6] . It is notable that this study also found no influence of radiographic severity on level of functional ability. More recently, Slemenda et al. [18, 20] showed that quadriceps weakness was present in women with knee OA even when pain was absent, and that it may precede the development of knee OA.
Neurologic deficits have also been reported in persons with knee OA. Hurley and Newman [21] reported a 19% muscle reflex inhibition in the affected knee versus the unaffected knee of those with unilateral knee OA. They suggested that damage in the joint affects the joint receptors that provide afferent information to muscle and muscle spindles, decreasing motor drive to the muscle and proprioception. Sharma et al. [22] recently confirmed impaired proprioception in persons with knee OA compared with controls.
In individuals with knee OA, worse scores on knee proprioception tests correlated with worse scores on some physical function tests, the Western Ontario and MacMaster Universities Osteoarthritis Index (WOMAC), and Lesquesne Algofunctional Index [23-26].
Other physiological factors related to impaired function include restricted range of motion and aerobic deconditioning. Van Baar et al. [8] showed that full range of motion in the knee joint is an independent predictor of physical function. The knee flexion "threshold" for lower extremity tasks such as rising from a chair, climbing stairs, or walking is 110 degrees. In a study by Badley et al. [27] , subjects who could not flex their knees to at least 70 degrees had more difficulty with walking and transfer tasks. Aerobic deconditioning may also increase disability, especially in lower extremity tasks such as walking and climbing stairs [28] . Philbin et al. [29] reported individuals with end-stage knee OA to be severely deconditioned with reduced peak oxygen consumption when compared with age-and sexmatched controls. The impact of OA seems also to be substantially greater among those who have other concomitant disabling medical conditions. Ettinger et al. [30] reported that the likelihood of disability in ambulation and transfer tasks from knee OA was greater in individuals who had comorbidities.
Psychological factors such as self-efficacy, depression, anxiety, and pain coping skills have all been shown to be predictors of pain and disability among individuals with knee OA [8,28,31]. Notably, van Baar et al. [8] found that pain coping skills were an independent Exercise therapy for knee osteoarthritis Baker and McAlindon 457 *Strength reported only for improvements in quadriceps strength (knee extensor). Effect size interpreted as by Cohen [62] . An effect size of 0.2, small effect, 0.5, a medium effect, and 0.8 a large effect. † Effect size from van Baar et al. [58••] . AIMS, Arthritis Impact Measurements Scales [61, 64] .
Study
Ettinger et al. [36] Kovar et al. [57] Minor et al. [ showed in knee OA that self-efficacy was an independent predictor of disability and was associated with muscle strength. These studies suggest that multiple interrelated physiological and psychological factors influence the pathways that lead to physical disability in people with OA.
Why study exercise as a therapy for osteoarthritis?
Many of the factors that lead to disability can be improved with exercise. Indeed, few therapies have the ability to be as multifaceted as exercise. For example, resistance training has been shown to effectively improve not only muscle strength in individuals with knee OA [32-35] but also reflex inhibition, proprioception, and disability [26, 36] . In addition, exercise has the potential to improve joint range of motion, cardiovascular fitness, and many of the comorbidities frequently associated with OA, such as diabetes, hypertension, and obesity [37] [38] [39] [40] . Indeed, weight loss programs are largely unsuccessful without an exercise component. Furthermore, exercise can also improve psychological variables such as depression, mood disturbance, emotional health, and selfefficacy [41] [42] [43] [44] [45] .
Aside from pathways to prevent disability, there are theoretical reasons to suspect that resistance training may retard progression of joint damage. For example, it has been hypothesized that the cumulative effects of repeated impulse loading of the lower limb may be a factor contributing to onset and progression of knee OA [46, 47] . Strong knee extensors, however, can decrease the impulse loading of the lower limb by slowing the deceleration phase before heel strike. It has also been suggested that joint loading via weight bearing exercise is required to maintain the health and integrity of cartilage [48, 49] .
Exercise studies
So far 13 controlled clinical trials have tested the effect of either (1) aerobic conditioning (predominantly walking), and/or (2) 56, 57] . The largest of these was an 18-month single-blind trial in which participants were randomly assigned to one of three interventions;
(1) aerobic exercise, (2) resistance strength training, and (3) a health education program [36] . The first 3 months of the 18-month intervention was supervised group exercise sessions. The remaining 15 months were home-based exercise with limited supervision. The primary outcome was a self-reported disability score. The trial enrolled 439 participants, 83% of whom completed the study. Compared with the control group, individuals assigned to aerobic exercise sustained modest but significant improvements in the primary outcome, as well in as most of the secondary measures, including peak VO 2 and pain. The improvements in selfreported disability were largely due to a decline of about 8% in the control group over time and very small improvements in the exercise group, 3%. Long-term exercise was able to stop the decline of physical function that occurs over time in the elderly, but did not significantly improve it over baseline.
The two other studies were smaller and of shorter duration [56, 57] . They used supervised group exercise sessions, and although retention was similar, adherence was much better, likely due to the shorter follow-up time and supervision. These factors may have accounted for their larger effects on pain and disability. On the other hand, a number of methodological inconsistencies limited the interpretability of their results. The study by Minor et al. [56] combined individuals with two very different diseases (OA and rheumatoid arthritis), and did not focus on any particular joint. Also, the effects on pain and disability were not significant when OA was analyzed separately from rheumatoid arthritis. The Kovar et al. [57] trial included an uncontrolled education component along with the exercise intervention, making it difficult to evaluate their independent effects.
Despite their limitations, these trials do suggest that aerobic exercise is an efficacious therapy for disability (and possibly pain) in individuals with knee OA. The evidence suggests that maximal benefit is achieved in supervised settings that are relatively resource-intensive. Nevertheless, even a home-based program can prevent further decline over the long term.
Strengthening exercises
A majority of the exercise trials (11 of 13) had a strengthening component in the intervention 32-36, [50] [51] [52] [53] [54] . The largest of these was the Ettinger et al. trial [36] , which also compared a strength training group with a health education control group. Subjects in the strength training group responded similarly to the aerobic group, with modest but significant improvements in disability, pain, and physical performance measures, compared with the health education control group. The more modest effect compared with many of the other trials was likely due to the follow-up period and lack of adherence by 18 months (50% at 18 months) compared with shorter and more supervised intervention studies [33, 52, 53, 55] .
As for the other 10 studies with a strengthening component, all but one reported positive outcomes in pain and/or disability [32-35, [51] [52] [53] [54] [55] . The lack of an effect in the Callaghan study may have been due to the small sample size, only 8-10 per group, and/or short intervention period (4 weeks) [50] . The magnitude of improvement in pain and disability with strength training showed considerable variability among studies. This may be because the training protocols varied among studies, with 4 of the 11 studies also including physical therapy treatments such as manual therapy, venous therapy, and mobility therapy [35, 52, 54, 55] . In addition, the type of strengthening exercise often varied among studies. This is important because the physiologic effects might vary according to the nature of strength training regimen. For example, functional benefits from isometric contraction exercises might be limited to a small range around the joint angle of training [59] . In isotonic and isokinetic exercises the joint moves through a specified range against a nonvarying and varying external resistance, respectively. Strengthening programs may also vary according to whether they are designed to isolate specific muscle groups (open chain), or exercise multiple muscle groups synergistically (closed chain). In an open chain exercise such as leg extension, the knee extensors are targeted such that motion of the knee is independent of that at the hip or ankle. In closed chain exercises, such as squatting and stair stepping, multiple muscle groups work synergistically, ie, knee extensors, hip extensors and trunk muscles. Motion of the knee is accompanied by motion in the ankle and hip, and the foot is in contact with the floor. Specific activities that become difficult for individuals with knee OA, such as rising from a chair, may benefit from targeted open chain exercises (eg, knee extension). However, closed chain exercises more closely mimic the movements required for many daily activities.
Differences in the supervision of the exercise protocol, and in outcome measures, may also have contributed to variability among studies. In 8 of the 11 studies the exercise sessions were facility-based and supervised [33, 34, [50] [51] [52] 54, 55] . Supervised exercise is resourceintensive, which may limit generalizability.
In addition, studies have shown that attention alone can improve symptoms [60, 62] . In order to control for this confounder, the most valid comparison is against a control group receiving similar attention to that of the intervention group. Five of the supervised exercise protocols failed to adequately control for attention in their comparison group.
Participants may have varied among studies in terms of the characteristics of their knee OA. It is not clear that individuals with more severe knee OA or with joint laxity respond as well to exercise. There is evidence that the relation between strength and physical function is diminished in individuals with greater joint laxity [65•]. In fact, in two studies the participants who dropped out had more severe symptoms [33, 52] . In a third study that recruited participants with more severe knee OA, the effects on pain and disability were less than observed in other studies [54] . The difference in measurement tools used for pain and disability outcomes may have accounted for some of the variability in the magnitude of the effect of exercise between studies. The WOMAC has been shown to have greater statistical efficiency than other indices, including the Arthritis Impact Measurement Scales (AIMS) and Lequesne [63] . Future studies should use similar outcome measures to improve comparability among studies.
The mechanism for the beneficial effect of strengthening exercises remains unclear. The logical mechanism would be through increased muscle strength, but only 5/10 positive studies that reported strength showed any improvement, and in many the improvement was modest [32] [33] [34] [35] 54] . Measurement error may be responsible for the limited effects on strength in many of the studies. Improvements in strength are best measured when the testing protocol closely mimics the training protocol [59] . For example, in the Ettinger et al. trial [36] , the participants were trained with isotonic contractions and tested with isokinetic contractions. Other possible mechanisms like proprioception were not measured in these studies. Psychological variables may also have contributed to improvements in pain and disability, but were also rarely measured.
Conclusions
Because of the evidence pointing to muscle weakness as a determinant of functional ability in knee OA, and the ability of strength training programs to improve these variables, individuals with knee OA should be counseled to begin an exercise program of strengthening exercise. Isotonic and closed chain exercises seem likely to be more beneficial, with isometric exercises reserved for patients who find these painful. The goal should be to progress to a combination of open and closed chain isotonic exercises.
Closed chain exercises such as stair stepping and squatting can be done safely after proper instruction. Aerobic exercise also appears to have convincing, albeit modest, bene-fits. Aerobic exercise may be appropriately recommended in conjunction with strength training.
It is notable that almost all exercise studies for knee OA report a positive effect on pain and or disability, even in relatively low intensity and unsupervised environments. Exercise is generally safe, well-tolerated, and has the potential to benefit many other important adverse factors associated with chronic disabling diseases. As a therapy for OA, and as a potential public intervention, it merits further study to determine the exact mechanisms that confer benefit. Future studies should focus on identifying efficient and effective exercise protocols, strategies to improve compliance, the long-term effects of exercise on the joint, and the cost-effectiveness of such programs.
Guidelines for appropriate exercises can be obtained in materials published by the Arthritis Foundation (www.arthritis.org), including the PACE I and II videos and Pathways to Better Living with Arthritis and/or several visits to a physical therapist.
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